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a  b  s  t  r  a  c  t
A  study  was  carried  out  to test  the  responses  of  juvenile  larger  yellow  croaker  Larimichthys  croceus  to  high
Cu intake.  Experimental  diets  were  formulated  containing  three  levels  of  Cu:  low  Cu  (3.67  mg/kg),  middle
Cu (13.65  mg/kg)  and  high  Cu  (25.78  mg/kg),  and  each  diet  were  fed  to large  yellow croaker  in  triplicate
for  10  weeks.  Final  body  weight,  weight  gain  and  feed  intake  were  the  lowest  in  high Cu group,  but
hepatosomatic  index  was the  highest;  Cu  concentrations  in the  whole-body,  muscle  and liver  of  ﬁsh  fed
low Cu  diet  was  the  lowest;  Liver  superoxide  dismutase,  catalase  and  glutathione  peroxidase  activities  in
ﬁsh  fed  high  Cu  diet  were  lower  than  those  in ﬁsh  fed  other  diets;  The  higher  content  of liver  thiobarbituric
acid  reactive  substance  content  was  found  in  high  Cu  group,  followed  by  middle  Cu  group,  and  the lowestntioxidant enzyme
ipid metabolism enzyme
in  low  Cu  group;  Liver  6-phosphogluconate  dehydrogenase,  glucose-6-phosphate  dehydrogenase,  malic
enzyme,  isocitrate  dehydrogenase  and  fatty  acid  synthase  activities  were  the  lowest  in  high  Cu group,  but
lipoprotein lipase  activity  was  the  highest.  This  study  indicated  that  high  copper  intake  reduced  growth
of  juvenile  larger  yellow  croaker,  inhibited  activities  of antioxidant  enzymes  and  lipid  synthetases,  and
led to  energy  mobilization.
©  2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).. Introduction
Copper (Cu) is an essential trace element for ﬁsh and involved in
umerous important biochemical reactions, such as hematopoiesis
Shao et al., 2010) and collagen synthesis (Lall, 2002). It is also
mportant as a part of antioxidant enzymes (e.g. Cu–Zn SOD) and
nvolved in oxidation–reduction reaction (Watanabe et al., 1997).
owever, the excessive accumulation of copper in the body causes
oxicity (Lapointe et al., 2011). To date, it has become a chal-
enge to keep the quantities of heavy metals in aquatic animal
eed ingredients (e.g. ﬁsh meal, soybean meal and ﬂour) under pro-
osed maximum levels while heavy metal pollution is one of the
ajor environmental issues (Clearwater et al., 2002). The previ-
us studies found that exposure to Cu might affect ﬁsh growth
erformance (Chen et al., 2012), development (Carreau and Pyle,
005) and reproduction (Pickering et al., 1977). Recently, Chen et al.
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/).(2013) found that Cu exposure could inﬂuence ﬁsh lipid deposition
and lipid metabolism, the activities of lipogenic enzymes (e.g. fatty
acid synthase) as well as mRNA levels of related genes decreased
with increasing Cu concentrations, but activity and mRNA level of
lipoprotein lipase gene increased. This study provides evidence that
Cu exposure can disturb the normal processes of lipid metabolism
of ﬁsh at both the enzymatic and molecular levels. At present, these
studies mentioned above were conducted to determine the toxicity
of Cu exposure, however, effect of high dietary Cu on ﬁsh growth,
physiological and lipid metabolism remains unknown.
Large yellow croaker Larimichthys croceus is a commercially
important marine species, highly preferred by consumers, and
widely cultured in China. To our knowledge, no information is
available concerning the effect of high dietary Cu on growth per-
formance, antioxidant and lipid metabolism enzymes activities
on juvenile larger yellow croaker. The results could shed light to
enhance ﬁsh growth and health through dietary formulation.under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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Table 1
Formulation and proximate composition of the experimental diets (% dry matter,
DM).
Low Cu Middle Cu High Cu
Ingredients
Vitamin free casein 36.00 36.00 36.00
Gelatin 9.00 9.00 9.00
Dextrin 25.00 25.00 25.00
Fish  oil 9.00 9.00 9.00
Lecithin 3.00 3.00 3.00
Vitamin premixa 2.00 2.00 2.00
Cu-free mineral mixb 1.00 1.00 1.00
Betaine 1.00 1.00 1.00
Ca(H2PO4)2 1.00 1.00 1.00
Cellulose 12.95 12.95 12.95
Ethoxyquin 0.05 0.05 0.05
CuSO4·5H2O (mg/kg diet) 0.00 8.00 20.00
Proximate composition
Moisture (%) 9.05 9.60 9.12
Crude protein (%) 45.91 46.01 45.58
Crude lipid (%) 9.71 9.83 10.01
Cu  (mg/kg diet) 3.67 13.65 25.78
a Vitamin mix  (mg  or g/kg diet): thiamin, 25 mg;  riboﬂavin, 45 mg;
pyridoxine·HCl,  20 mg; vitamin B12, 0.1 mg;  vitamin K3, 10 mg;  inositol, 800 mg;
pantothenic acid, 60 mg;  niacin acid, 200 mg;  folic acid, 20 mg; biotin, 1.2 mg;
retinol acetate, 32 mg;  cholecalciferol, 5 mg;  -tocopherol, 120 mg;  ascorbic acid,
2000 mg;  choline chloride, 2500 mg;  microcrystalline cellulose, 14.1617 g.

































amount of enzyme that converted 1 mol  of substrate to product0  mg;  MnSO4·H2O, 44 mg,  ZnSO4·H2O, 50 mg; CoCl2·6H2O, 50 mg;  Na2SeO3, 20 mg;
a(IO3)2, 60 mg;  Ca(H2PO4)2·H2O, 3000 mg;  microcrystalline cellulose, 15.485 g.
. Materials and methods
.1. Experimental diets and animals
Three experimental diets, using casein and gelatin as protein
ources and ﬁsh oil as the lipid source, were formulated to con-
ain three graded levels of Cu [low Cu (3.67 mg/kg diet), middle
u (13.65 mg/kg diet) and high Cu (25.78 mg/kg diet); Cao et al.
2014) reported that a dietary Cu requirement in juvenile large
ellow croaker was 3.41 mg/kg diet]. Diets were processed into
 mm diameter pellets, dried at room temperature to <10% mois-
ure, ground and sieved to appropriate size before being stored at
20 ◦C. The formulation and proximate composition of each diet is
resented in Table 1.
Juvenile large yellow croaker was obtained from a ﬁsh farm
Ningde, China). The ﬁsh were reared in ﬂoating sea cages
3.0 × 3.0 × 3.0 m)  and were fed the commercial diet for 14 days. At
he end of the acclimation, ﬁsh (5.27 ± 0.17 g, mean ± S.E.M.) were
andomly stocked into 9 sea cages (1.5 × 1.5 × 2.0 m)  with 60 ﬁsh
ach in triplicate. The ﬁsh were hand-fed experimental diets twice
aily (05:00–06:00 and 17:00–18:00) to apparent satiation for 10
eeks. During the trial, the water temperature ranged from 21.0 ◦C
o 25.0 ◦C, salinity 22–26‰ and dissolved oxygen concentration
as about 6.8 ± 0.15 mg/L.
.2. Experimental designs and sampling
At the termination of trial, all ﬁsh were starved for 24 h, and then
ere anesthetized with tricaine methanesulfonate (MS-222) at
20 mg/L for weighing, counting and measurement. Five ﬁsh from
ach cage were randomly sampled, minced, pooled and stored at
20 ◦C for the analysis of whole-body proximate composition and
u concentration. Muscle (3 ﬁsh/cage) were sampled and stored at
20 ◦C for Cu concentration. Livers (3 ﬁsh/cage) were removed andndividually weighed to determine the hepatosomatic index, and
tored at −20 ◦C for Cu concentration, antioxidant and fatty acid
etabolism enzymes activities analysis.ports 3 (2016) 131–135
2.3. Biochemical composition analysis
All experimental diets and tissue samples were analyzed for
proximate composition following the standard methods in trip-
licate (AOAC, 1995). Moisture was  determined by oven drying at
105 ◦C to a constant weight. The samples used for dry matter were
digested with nitric acid and incinerated in a mufﬂe furnace at
550 ◦C overnight for ash determination. The protein was measured
by the combustion method using an FP-528 nitrogen analyzer (Leco
Corporation, St. Joseph, MI,  USA). Lipid was determined by ether-
extraction method using the Soxtec System HT (FOSS Tecator HT6,
Hoganos, Sweden). Cu concentrations in the whole body and liver
were determined by the inductively coupled plasma-atomic emis-
sion spectrophotometer (Vista-MPX, Varian).
2.4. Antioxidant enzyme activity and lipid peroxidation assays
The levels of enzyme activity and lipid peroxidation were mea-
sured with commercial assay kits (Nanjing Jiancheng Institute,
Nanjing, China) in accordance with the instructions of the man-
ufacturer. The assays are brieﬂy described as follows:
The frozen liver were weighed and homogenized in ice-cold
phosphate buffer (50 mM,  pH 7.4). The homogenate was cen-
trifuged at 2000 × g in a cooling centrifuge at 4 ◦C for 15 min and the
supernatant was  saved. Total superoxide dismutase (SOD) activ-
ity was determined following the methods of Beauchamp and
Fridovich (1971). The ratio of auto-oxidation rates of the sam-
ples with or without homogenate was determined at 550 nm. One
unit of SOD activity was  calculated using the amount of super-
oxide dismutase required to inhibit the reduction of nitrobluete
trazolium by 50%. Catalase (CAT) activity was determined by mea-
suring the decrease in H2O2 concentration (Aebi, 1984). After 10 L
of homogenate was  added to the reagent, the sample was  incubated
for 60 s at 37 ◦C. The absorbance of the samples was read at 405 nm.
One unit of CAT activity was  deﬁned as the amount of CAT required
to transform 1 mol  of H2O2 per min. Glutathione peroxidase (GPX)
activity was measured following the methods of Flohé and Günzler
(1984). After the addition of 1 mmol  GSH (reduced glutathione) the
NADPH-consumption rate was monitored at 412 nm.  One unit of
GPX activity was deﬁnedas the amount of GPX required to oxi-
dize 1 mol  of NADPH per min. The terminal product formed in
the decomposition of polyunsaturated fatty acids mediated by free
radicals was quantiﬁed as thiobarbituric acid reactive substances
(TBARS) according to the methods of Buege and Aust (1978). Solu-
ble protein concentration of homogenates was determined by the
method of Bradford (1976) using bovine serum albumin (BSA) as
standard.
2.5. Lipid metabolism enzyme activity assays
The frozen liver were weighed and homogenized in ice-cold
buffer (0.02 M Tris–HCl, 0.25 M sucrose, 2 mM EDTA, 0.1 M sodium
ﬂuoride, 0.5 mM phenyl methyl sulphonyl ﬂuoride, 0.01 M -
mercapo-ethanol, pH 7.4). The homogenatewas centrifuged at
20,000 × g in a cooling centrifuge at 4 ◦C for 30 min  and the super-
natant was  saved. 6-Phosphogluconate dehydrogenase (6PGD) and
glucose-6-phosphate dehydrogenase (G6PD) were determined by
the method of Barroso et al. (1999), malic enzyme (ME) activity
following Wise and Ball (1964), isocitrate dehydrogenase (ICDH)
activity according to Bernt and Bergmeyer (1974), fatty acid syn-
thase (FAS) activity according to the method of Chakrabarty and
Leveille (1969). One unit of enzyme activity was  deﬁned as theper min at 30 ◦C. Lipoprotein lipase (LPL) activity was  measured
according to the modiﬁed method of Ballart et al. (2003). One unit
of LPL activity was  deﬁned as the amount of enzyme that catalyzed
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Table  2
Growth performance and feed utilization of juvenile large yellow croaker fed diets
supplemented with various levels of Cu for 10 weeks.
Low Cu Middle Cu High Cu
FBW (g) 30.57 ± 0.71b 31.33 ± 0.90b 27.99 ± 0.82a
WG (g) 25.27 ± 0.55b 26.11 ± 1.09b 22.70 ± 0.88a
FI (g) 19.14 ± 0.20 b 19.73 ± 0.82 b 13.58 ± 1.80 a
FE 1.32 ± 0.02 1.33 ± 0.02 1.33 ± 0.02
HSI (%) 1.41 ± 0.04a 1.40 ± 0.08a 1.62 ± 0.05b
CF 1.75 ± 0.04 1.75 ± 0.04 1.73 ± 0.07
Survival (%) 80.00 ± 5.00 76.11 ± 5.09 77.22 ± 6.93
Data are means of triplicate. Means in the same line sharing a same superscript let-
ter  are not signiﬁcantly different determined by Duncan’s test (P > 0.05). FBW (g):
ﬁnal  body weight; FI (g): feed intake; weight gain (WG, g) = ﬁnal individual weight
(g)  − initial individual weight (g); Feed efﬁciency (FE) = wet weight gain (g)/dry diet
fed  (g); hepatosomatic index (HSI, %) = 100 × liver mass (g)/body mass (g); condi-
tion factor (CF) = 100 × weight gain (g)/body length (cm)3; survival (%) = 100 × (ﬁnial
number of ﬁsh)/(initial number of ﬁsh).
Table 3
The whole-body compositions of juvenile large yellow croaker fed diets supple-
mented with various levels of Cu for 10 weeks.
Low Cu Middle Cu High Cu
Moisture (%) 73.34 ± 0.28 73.36 ± 0.25 73.25 ± 0.25
Protein (% DM) 16.78 ± 0.27 16.57 ± 0.38 16.39 ± 0.19
Lipid (% DM)  8.05 ± 0.10 8.33 ± 0.31 8.27 ± 0.22
Ash (% DM)  3.52 ± 0.03 3.55 ± 0.03 3.51 ± 0.04
Table 4
The whole-body, muscle and liver Cu concentrations of juvenile large yellow croaker
fed  diets supplemented with various levels of Cu for 10 weeks (g/g).
Low Cu Middle Cu High Cu
Whole-body Cu 8.41 ± 0.15a 10.63 ± 0.34b 10.80 ± 0.24b
Muscle Cu 7.53 ± 0.40 a 8.78 ± 0.88 b 9.29 ± 0.29 b


























Antioxidant enzyme activity and lipid peroxidation of juvenile large yellow croaker
fed diets supplemented with various levels of Cu for 10 weeks.
Low Cu Middle Cu High Cu
SOD (U/mgprot) 108.11 ± 5.65b 103.44 ± 4.71b 90.61 ± 0.41a
CAT (U/mgprot) 38.82 ± 0.29b 38.91 ± 0.35b 31.16 ± 0.88a
GPX (U/mgprot) 383.20 ± 2.01b 381.77 ± 8.88b 307.42 ± 5.58a
TBARS (nmol/mgprot) 53.71 ± 1.93a 73.17 ± 1.78b 81.42 ± 0.80c
Data are means of triplicate. Means in the same line sharing a same superscript letter
are not signiﬁcantly different determined by Duncan’s test (P > 0.05). SOD: superox-
ide  dismutase; CAT: catalase; GPX: glutathione peroxidase; TBARS: thiobarbituric
acid reactive substances.
Table 6
Fatty acid metabolism enzyme activity of juvenile large yellow croaker fed diets
supplemented with various levels of Cu for 10 weeks (mIU/mg protein).
Low Cu Middle Cu High Cu
6PGDH 194.74 ± 4.57b 191.47 ± 3.65b 125.87 ± 4.62a
G6PDH 253.45 ± 2.12c 225.39 ± 3.80b 207.61 ± 5.24a
ME  45.01 ± 0.12b 44.58 ± 0.65b 25.92 ± 0.13a
IDH 176.70 ± 0.40c 161.73 ± 0.63b 154.77 ± 0.39a
FAS 50.60 ± 0.40c 25.85 ± 0.36b 25.14 ± 0.17a
LPL 365.34 ± 0.89a 447.74 ± 5.60b 507.52 ± 5.03c
Data are means of triplicate. Means in the same line sharing a same superscript letter
are not signiﬁcantly different determined by Duncan’s test (P > 0.05). 6PGDH: 6-ata are means of triplicate. Means in the same line sharing a same superscript letter
re  not signiﬁcantly different determined by Duncan’s test (P > 0.05).
he release of 1 mol  of free fatty acid per hour per mg  of soluble
rotein at 37 ◦C. Soluble protein concentration of homogenates was
etermined by the method of Bradford (1976).
.6. Statistical analyses
All variables were assessed using one-way ANOVA. If there was
 signiﬁcant F-test, subsequent comparisons of treatment means
ere performed using the Duncan’s Multiple Range test. The sig-
iﬁcance level was set at P < 0.05. All analyses were performed using
PSS 18.0.0 (Chicago, USA) for windows.
. Results
.1. Growth performance and body composition
Survival rate (>76.11%) was not different among all experimen-
al groups (P > 0.05, Table 2). Fish fed with high Cu diet had the
owest ﬁnal body weight, weight gain and feed intake (P < 0.05),
o signiﬁcant differences were found between low and middle
u diets (P > 0.05). On the contrary, hepatosomatic index of ﬁsh
ed high Cu diet were the highest (P < 0.05). However, the dietary
u level did not signiﬁcantly affect feed efﬁciency and condition
actor (P > 0.05). Moisture, protein, lipid and ash contents in the
hole body did not show any signiﬁcant differences among the
ietary treatments (P > 0.05, Table 3). Fish fed with low Cu diet
ad the lowest whole-body, muscle and liver Cu concentrations
mong all treatments (P < 0.05), no signiﬁcant differences were
ound between middle and high Cu diets (P > 0.05, Table 4).phosphogluconate dehydrogenase; G6PDH: glucose-6-phosphate dehydrogenase;
ME:  malic enzyme; IDH: isocitrate dehydrogenase; FAS: fatty acid synthase; LPL:
lipoprotein lipase.
3.2. Antioxidant enzyme activity
Serum superoxide dismutase, catalase and glutathione peroxi-
dase activities of ﬁsh fed high Cu diet were signiﬁcantly lower than
low and middle Cu diets (P < 0.05), but existed no signiﬁcant dif-
ferences between low and middle Cu diets (P > 0.05, Table 5). The
higher content of liver thiobarbituric acid reactive substance con-
tent was  found in high Cu group, followed by middle Cu group, and
the lowest in low Cu group (P < 0.05).
3.3. Fatty acid metabolism enzyme activity
Fish fed with high Cu diet had the lowest activities of 6-
phosphogluconate dehydrogenase and malic enzyme (P < 0.05), no
signiﬁcant differences were found between low and middle Cu diets
(P > 0.05, Table 6). The highest glucose-6-phosphate dehydroge-
nase, isocitrate dehydrogenase and fatty acid synthase activities
were found in ﬁsh fed low Cu diet, coming with middle Cu diet,
the lowest is high Cu diet (P < 0.05). On the contrary, the high-
est lipoprotein lipase activity was  found in ﬁsh fed high Cu diet
(P < 0.05).
4. Discussing
In the present study, a higher level of Cu intake was  employed,
survival rate showed no signiﬁcant difference among the treat-
ments, indicating that larger yellow croaker was not sensitive to
high Cu intake, which is in agreement with the ﬁnding in grouper
Epinephelus malabaricus (Lin et al., 2008) and yellow catﬁsh Pel-
teobagrus fulvidraco (Chen et al., 2015). Cao et al. (2014) reported
that the optimal dietary Cu concentration in growing large yel-
low croaker is 3.41 mg/kg diet. In this study, ﬁsh weight gain
was reduced when Cu intake exceeded the optimum requirement
6 times (25.78 mg/kg). Growth reduction due to high Cu intake
has been reported in several ﬁsh species, such as tilapia Ore-
ochromis niloticus × Oreochromi saureus (Shiau and Ning, 2003),
grouper (Lin et al., 2010), yellow catﬁsh (Tan et al., 2011) and grass
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rowth performance might be attributable to increased metabolic
xpenditure for detoxiﬁcation and maintenance of homeostasis
Campbell et al., 2002). Chen et al. (2013) reported high Cu exposure
igniﬁcantly reduced ﬁsh weight gain, condition factor, viscero-
omatic index, hepatosomatic index and visceral adipose index,
ecause of higher Cu exposure reduced feed intake. In this study,
eed intake of ﬁsh fed high Cu diet were signiﬁcantly the lowest, but
ncreased hepatosomatic index of ﬁsh after high Cu intake might
e attributable to liver swelling. A previous study has found that
ietary copper was transported from intestinal mucosa into blood
y combined with superoxide dismutase or metallothionein, but
igh levels of copper may  lead to over-consumption of carrier albu-
in, and caused free fat metabolic disorders and liver lesions (Qian
t al., 2003).
The whole-body Cu concentration of experimental animal was
ositively correlated to the food. Previous studies found, after being
ed with increasing levels of dietary Cu for about 1 week, Cu would
ccumulate to the higher concentration in intestine and liver of
sh (Clearwater et al., 2000; Kamunde et al., 2001). In the present
tudy, the concentration of Cu in the whole body increased with
ietary Cu levels. It is indicated that large yellow croaker could
ccumulate excess Cu in tissues. Berntssen et al. (1999) reported
hat the whole-body Cu concentration in Atlantic salmon Salmo
alar increased with the increasing dietary copper levels. Cao et al.
2014) also found the whole-body Cu concentration in large yel-
ow croaker increased with the increasing dietary copper levels. In
ddition, the liver and muscle Cu concentrations have the similar
rends with the whole-body Cu concentration in the present study.
The cellular damage would be enhanced by lipid peroxidation
ue to reactive oxygen species (ROS) overproduction (Ito et al.,
999). The aerobic condition of ﬁsh makes them prone to the gen-
ration of ROS as a result of an exacerbated oxidative metabolism,
esulting in lipid peroxidation (Takagi et al., 2008). Aldehyde (e.g.
alondialdehyde) is a product of lipid peroxidation, through cross
inking with the nucleophilic groups of proteins, nucleic acids and
mino phospholipids, accumulation of aldehyde leads to cell toxi-
ity, accelerating the damage of cells and tissues (Buege and Aust,
978). In this study, ﬁsh fed the experimental diet containing
5.78 mg/kg Cu had signiﬁcantly higher thiobarbituric acid reactive
ubstance concentration compared with ﬁsh fed the diets con-
aining 3.67 and 13.65 mg/kg Cu. Under normal conditions, the
ntioxidant defenses of ﬁsh prevent the uncontrolled generation
f ROS through antioxidant enzymes (Trenzado et al., 2009). How-
ver, in this study, lower antioxidant enzyme activity occurs when
sh are fed high Cu diet. Our result indicated that excessive Cu
s detrimental to anti-oxidative capability, which is in agreement
ith the ﬁnding in Goldﬁsh Carassius auratus (Shao et al., 2010) and
arge yellow croaker (Cao et al., 2014)
Chen et al. (2013) found that Cu exposure signiﬁcantly reduced
-phosphogluconate dehydrogenase, glucose-6-phosphate dehy-
rogenase and fatty acid synthase activities of yellow catﬁsh, which
ere attributable to the reduction in the mRNA expression of the
enes encoding them, indicating that these enzymes were reg-
lated by Cu mainly at the transcriptional level. In this study,
he highest glucose-6-phosphate dehydrogenase, isocitrate dehy-
rogenase and fatty acid synthase activities decreased with the
ncreasing dietary copper levels. In addition, Hung et al. (1997)
uggested that feed intakes will inﬂuence metabolic enzymatic
ctivities. In the present study, feed intake of ﬁsh fed high Cu diet
as lower than that of ﬁsh fed middle and low Cu diets. Here, we
hould bear in mind that the reduction of lipogenic enzyme activ-
ties might be attributable to high Cu intake. Lipoprotein lipase
as considered as a key rate-limiting enzyme in the provision of
issue fatty acids, and it determined how dietary lipids were par-
itioned toward storage or utilization (Saera-Vila et al., 2005). In
he present study, lipoprotein lipase activity increased with theports 3 (2016) 131–135
increasing dietary copper levels, which might indicate an increase
in import of lipids from liver to nearby tissues for energy mobiliza-
tion.
The results of the present experiments indicated that excessive
Cu reduced growth performance of juvenile larger yellow croaker;
Cu could accumulate to the higher concentration in whole-body
and liver of ﬁsh; High Cu intake inhibited activities of antioxidant
enzyme and lipid synthetase, and led to energy mobilization.
Acknowledgments
This research is based on work funded by the National Natural
Science Foundation of China (grant no. 31272661), the Open Fund
of Zhejiang Provincial Top Key Discipline of Aquaculture in Ningbo
University (grant nos. xkzsc1401; xkzsc1403), the Natural Science
Foundation of Ningbo City (grant no. 2014A610180). This research
was also sponsored by the K. C. Wong Magna Fund and K. C. Wong
Education Foundation at Ningbo University.
References
AOAC, 1995. Ofﬁcial methods of analysis of ofﬁcial analytical chemists
international, sixteen ed. Association of Ofﬁcial Analytical Chemists, Arlington
USA.
Aebi, H., 1984. Catalase in vitro. Methods Enzymol. 105, 121–126.
Ballart, X., Siches, M.,  Peinado-Onsurbe, J., Lopez-Tejero, D., Llobera, M.,  Ramirez, I.,
Robert, M.Q., 2003. Isoproterenol increases active lipoprotein lipase in
adipocyte medium and in rat plasma. Biochimie 85, 971––982.
Barroso, J.B., Peragon, J., Garcia-Salguero, L., de la Higuera, M.,  Lupiariez, J.A., 1999.
Variations in the kinetic behaviour of the NADPH-production systems in
different tissues of the trout when fed on an amino-acid-based diet at different
frequencies. Int. J. Biochem. Cell B 31, 277––290.
Beauchamp, C., Fridovich, I., 1971. Superoxide dismutase: improved assays and an
assay applicable to acrylamide gels. Anal. Biochem. 44, 276–287.
Bernt, E., Bergmeyer, H.U., 1974. Isocitrate dehydrogenase. In: Bergmeyer, H.U.
(Ed.), Methods of Enzymatic Analysis. Academic Press, New York, pp. 624–627.
Berntssen, M.H.G., Lundebye, A.K., Maage, A., 1999. Effects of elevated dietary
copper concentrations on growth: feed utilization and nutritional status of
atlantic salmon (Salmo salar L.) fry. Aquaculture 174, 167–181.
Bradford, M.M.,  1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248––254.
Buege, J.A., Aust, S.D., 1978. Microsomal lipid peroxidation. Method Enzymol. 52,
302––310.
Campbell, H., Handy, R., Sims, D., 2002. Increased metabolic cost of swimming and
consequent alterations to circadian activity in rainbow trout (Oncorhynchus
mykiss)  exposed to dietary copper. Can. J. Fish. Aquat. Sci. 59, 768––777.
Cao, J.J., Miao, X., Xu, W.,  Zhang, W.B., 2014. Dietary copper requirements of
juvenile large yellow croaker Larimichthys croceus. Aquaculture 432, 346–350.
Carreau, N.D., Pyle, G.G., 2005. Effect of copper exposure during embryonic
development on chemosensory function of juvenile fathead minnows
(Pimephales promelas). Ecotoxicol. Environ. Saf. 61, 1–6.
Chakrabarty, K., Leveille, G.A., 1969. Acetyl CoA carboxylase and fatty acid
synthetase activities in liver and adipose tissue of meal-fed rats. Proc. Soc. Exp.
Biol. Med. 131, 1051–1054.
Chen, Q.L., Luo, Z., Zheng, J.L., Li, X.D., Liu, C.X., Zhao, Y.H., Gong, Y., 2012. Protective
effects of calcium on copper toxicity in Pelteobagrus fulvidraco:  copper
accumulation enzymatic activities, histology. Ecotoxicol. Environ. Saf. 76,
126–134.
Chen, Q.L., Luo, Z., Pan, Y.X., Zheng, J.L., Zhu, Q.L., Sun, L.D., Zhou, M.Q., Hu, W.,
2013. Differential induction of enzymes and genes involved in lipid
metabolism in liver and visceral adipose tissue of juvenile yellow catﬁsh
Pelteobagrus fulvidraco exposed to copper. Aquat. Toxicol. 136–137, 72–78.
Chen, Q.L., Luo, Z., Wu,  K., Huang, C., Zhuo, M.Q., Song, Y.F., Hu, W.,  2015.
Differential effects of dietary copper deﬁciency and excess on lipid metabolism
in yellow catﬁsh Pelteobagrus fulvidraco.  Comp. Biochem. Physiol. B 184,
19––28.
Clearwater, S.J., Baskin, S.J., Wood, C.M., McDonald, D.G., 2000. Gastrointestinal
uptake and distribution of copper in rainbow trout. J. Exp. Biol. 203,
2455–2466.
Clearwater, S.J., Farag, A.M., Meyer, J.S., 2002. Bioavailability and toxicity of diet
borne copper and zinc to ﬁsh. Comp. Biochem. Physiol. C 132, 269–313.
Flohé, L., Günzler, W.A., 1984. Assay of glutathione peroxidase. Methods Enzymol.
105, 115–121.
Hung, S.S.O., Liu, W.,  Li, H., Storebakken, T., Cui, Y., 1997. Effect of starvation on
some morphological and biochemical parameters in white sturgeon, Acipenser
transmontanus.  Aquaculture 151, 357–363.
Ito, T., Murata, H., Tsuda, T., Yamada, T., Yanauchi, K., Ukawa, M.,  Yamaguchi, T.,
Yoshida, T., Sakai, T., 1999. Effects of ɑ-tocopherol levels in extrusion pellets on










vitamins and HUFA. Aquaculture 149, 440–447.F. Meng et al. / Aquacult
yellowtail Seriola quinqueradiata injected with the causative bacteria of ﬁsh
jaundice. Fish. Sci. 65, 679–683.
amunde, C.N., Grosell, M., Lott, J.N., Wood, C.M., 2001. Copper metabolism and
gut morphology in rainbow trout Oncorhynchus mykiss during chronic
sublethal dietary copper exposure. Can. J. Fish. Aquat. Sci. 58, 293–305.
all, S.P., 2002. The minerals. In: Halver, J.E., Hardy, R.W. (Eds.), Fish Nutrition.
Academic Press, London, p. 289.
apointe, D., Pierron, F., Couture, P., 2011. Individual and combined effects of heat
stress and aqueous or dietary copper exposure in fathead minnows
(Pimephales promelas). Aquat. Toxicol. 104, 80–85.
in, Y., Shie, Y., Shiau, S., 2008. Dietary copper requirements of juvenile grouper,
Epinephelus malabaricus. Aquaculture 274, 161–165.
in, Y., Shih, C., Kent, M., Shiau, S., 2010. Dietary copper requirement reevaluation
for juvenile grouper, Epinephelus malabaricus, with an organic copper source.
Aquaculture 310, 173–177.
ickering, Q., Brungs, W.,  Gast, M.,  1977. Effect of exposure time and copper
concentration on reproduction of the fathead minnow (Pimephales Promelas).
Water Res. 11, 1079–1083.
ian, J., Wang, Z., Liu, G.W., 2003. Advance of copper metabolism in animal body.
Prog. Vet. Med. 24, 55–57.aera-Vila, A., Calduch-Giner, J.A., Gomez-Requeni, P., Medale, F., Kaushik, S.,
Perez-Sanchez, J., 2005. Molecular characterization of gilthead sea bream
(Sparus aurata) lipoprotein lipase: transcriptional regulation by season and
nutritional condition in skeletal muscle and fat storage tissues. Comp.
Biochem. Physiol. B 142, 224–232.ports 3 (2016) 131–135 135
Shao, X., Liu, W.,  Xu, W.,  Lu, K., Xia, W.,  Jiang, Y., 2010. Effects of dietary copper
sources and levels on performance, copper status, plasma antioxidant
activities and relative copper bioavailability in Carassius auratus gibelio.
Aquaculture 308, 60–65.
Shiau, S.Y., Ning, Y.C., 2003. Estimating of dietary copper requirements for juvenile
tilapia, Oreochromis niloticus × O. aureus. J. Anim. Sci. 77, 287–292.
Takagi, S., Murata, H., Goto, T., Endo, M.,  Yamashita, H., Ukawa, M.,  2008. Taurine is
an essential nutrient for yellowtail Seriola quinqueradiata fed non-ﬁsh meal
diets based on soy protein concentrate. Aquaculture 280, 198–205.
Tan, X.Y., Luo, Z., Liu, X., Xie, C.X., 2011. Dietary copper requirement of juvenile
yellow catﬁsh Pelteobagrus fulvidraco.  Aquacul. Nutr. 17, 170–176.
Tang, Q.Q., Feng, L., Jiang, W.D., Liu, Y., Jiang, J., Li, S.H., Kuang, S.Y., Tang, L., Zhou,
X.Q., 2013. Effects of dietary copper on growth digestive, and brush border
enzyme activities and antioxidant defense of hepatopancreas and intestine for
young grass carp (Ctenopharyngodon idella). Biol. Trace Elem. Res. 155,
370––380.
Trenzado, C.E., Morales, A.E., Palma, J.M., Higuer, M.,  2009. Blood antioxidant
defenses and hematological adjustments in crowded/uncrowded rainbow
trout (Oncorhynchus mykiss) fed on diets with different levels of antioxidantWatanabe, T., Kiron, V., Satoh, S., 1997. Trace minerals in ﬁsh nutrition.
Aquaculture 151, 185––207.
Wise Jr., E.M., Ball, E.G., 1964. Malic enzyme and lipogenesis. Proc. Natl. Acad. Sci.
U.  S. A. 52, 1255––1263.
